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SYNOPSIS 


ire tests (ASTM E 119-69) were conducted on two concrete waffle flat-slab floor 
‘pecimens. The 14x18-ft specimens were made with carbonate-aggregate concrete. 
‘oists were 6 in. wide and 8 in. deep (nominal) and the main domes were 30x30 in. in 
dlan. One specimen had a 3%-in. deck slab and the other, a 5-in. slab. Specimens were 
jupported at the four corners. Data on unexposed surface temperature, deflection, 
*xpansion, thermal thrust, and steel temperatures during the tests are given. Tests were 
stopped after 4 hours with no sign of structural failure. Fire endurances were deter- 
mined by the criteria for temperature rise of the top surface. 


Keywords: concrete slabs, fire resistance, fire tests, reinforced concrete, restraints, two 
way joist floors, thermal expansion, waffle flat slabs. 


Note: Ten “‘poke-thru” assemblies were included in each of the two tests. Data on the 
poke-thru assemblies are included in a report “Fire Tests of ‘Poke-Thru’ Assemblies,” 
by M. S. Abrams and A. H. Gustaferro (in preparation). 


INTRODUCTION 


This is the fourth of a planned series of 
reports of fire tests of concrete joist 
floors and roofs. The first report dealt 
with a pan-joist floor with a suspended 
ceiling,1)** the second with floors with 
embedded electrical underfloor ducts,(2) 
and the third with fire tests of one-way 
joist floors.(>) This report describes fire 
tests of two full-scale two-way joist (waf- 
fle slab) floors. 

A literature search failed to reveal any 
problems during actual fires attributable 
to concrete two-way joist floors or roofs. 
It is probably because such floors and 
roofs have performed well in fires that no 
fire tests had been conducted in America 
prior to those reported here. In Germany, 
a fire test of a two-way joist floor has 
been reported.(4) In that test, structural 
behavior was excellent during and after 
fire exposure. 

Two-way joist construction is fre- 
quently used in buildings. Such floor 
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systems are seldom, if ever, used for one- 
bay structures, but rather for multibay 
buildings where continuity can be 
achieved in both directions. It is difficult 
to simulate the structural behavior of a 
typical waffle flat-slab floor in a fire test 
because existing floor furnaces can ac- 
commodate only one bay of a structure. 
In the tests described in this report, the 
14x18-ft specimens were supported at the 
four corners without intermediate or 
other edge supports. Such a support con- 
dition is not typical, but it represents a 
more severe condition than if the speci- 
mens had been made continuous over 
several bays. If the specimens had been 
continuous rather than simply supported, 
fire applied to the underside would have 
caused redistribution of moments and 
would probably have resulted in some- 
what better performance.(5) 


SPECIMENS 


Description 


Fig. 1 shows the important features of 
the two specimens. The main difference 
between them was in the thickness of the 
deck slab. Specimen S-53 had a 5-in.- 
thick (nominal) slab, whereas the slab of 


S-54 was 3% in. thick. Because the speci- 
men size was fixed by the dimensions of 
the floor furnace, three sizes of domes 
were necessary to obtain the desired joist 
configuration. Twelve domes were 30x30 
in.; six were 20x30 in.; and eight were 
14%x30 in. In addition, 14 partial domes 
were used around the perimeter of each 
specimen. All domes were 8 in. deep. 
Joists were 6 in. wide at the bottom with 
1:12 side drafts. 


Each joist was reinforced with two #5 
Grade 60 bars, one straight and one bent. 
Longitudinal bars had %-in. clear cover. 
Transverse bars, which were supported on 
the longitudinal bars, had 1-3/8-in. cover. 
The welded-wire fabric was centered 
within the slab thickness, and was sup- 
ported by #3 bars on 22-in. centers in the 
longitudinal direction. 

A thermocouple was attached to each 
reinforcing bar in the joists near midspan 
as shown in Fig. 1. Six Monfore-type 
hygrometer wells(®) were installed in 
each specimen after the forms were re- 
moved. Four were placed horizontally in 
the east ends of the specimens, and two 
were installed vertically in the northeast 
quadrant of the deck slabs. Those in the 
slab were positioned to measure the rela- 
tive humidity at middepth of the slab. 


Materials 


The main reinforcement consisted of #5 
Grade 60 bars. The average measured 
yield strength of the bars was 62,000 psi. 

Concrete was made with sand and 
gravel from Algonquin, Ill. The aggregate 
was predominantly dolomitic and was 
similar to the sand and gravel from Elgin, 
Ill., used in previous fire research stud- 
ies.7) The sand had a specific gravity 
(ssd) of 2.62, absorption of 1.2 percent, 
and a fineness modulus of 2.81. For the 
gravel, the specific gravity (ssd) was 2.70, 
absorption was 1.9 percent, and fineness 
modulus was 7.01. 

Ready mixed concrete was used for 
both specimens. The central mix plant 
was located about 5 miles from the lab- 
oratory where the specimens were cast. 
Average batch quantities were: 


Quantities 
Material per cubic yard 
Type I portland cement emer lh 
Water 284 Ib 
Sand 1,320 lb 
Gravel, l-in. maximum size 1,735 lb 
Air-entraining admixture 6 oz 


Tests were made for slump, unit 
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Note: All bars grade 60 steel 


LOAD POINTS 


Fig. 1. Principal features of the specimens. 


weight, and air content from approxi- 
mately each cubic yard of concrete. 
Slump generally ranged between 4 and 5 
in. For Specimen S-53 the unit weight 
averaged 143.4 pcf and the air content 
6.8 percent. The concrete unit weight for 
S-54 averaged 144.7 pcf and the air con- 
tent 5.7 percent. 


Fabrication and Conditioning 


Fig. 2 shows the steel dome forms and 
principal reinforcement in place. Fig. 3 
shows the forms immediately prior to 
concreting. The welded-wire fabric and 
the bolts in the threaded lifting inserts 
can be seen. Five lifting inserts were lo- 
cated in each of the outermost transverse 
joists. Four additional lifting inserts were 
located near the center of each specimen 
to accommodate safety chains used dur- 
ing the fire tests. (Loose chains with 


MEASURED SLAB THICKNESS AT THERMOCOUPLE LOCATIONS, in. 


9 I 12 


8 
s-53 | 4.74| 4.67 | 5.13 | 5.08| 4.86 | 5.01 


4.90 | 4.83 | 461 


$-54| 3.57 | 3.56 | 3.51 


3.58 | 3.47 | 3.77 | 3.62 | 3.59 | 3.57 | 3.58 


adequate slack were attached to the four 
inserts to protect the furnace against 
damage should collapse occur if the fire 
test were continued to a structural end 
point.) 

Ready mixed concrete was consoli- 
dated with internal vibrators. The top sur- 
face was struck off and finished with 
wood floats. 

Concrete was cured in the forms under 
damp burlap for 7 days. Specimens were 
then lifted from the casting deck and the 
dome forms were removed. Ten holes 
were drilled through the deck slab for 
installation of “poke-thru” assemblies. 
The specimens were stored in air main- 
tained at 70 to 75 F and 30 to 40 percent 
RH. The relative humidity of the air with- 
in the hygrometer wells was measured 
periodically. Table 1 gives relative humid- 
ity readings prior to the tests. When the 


maximum relative humidity was reduced 
to about 75 percent, each specimen was 
mounted in the floor furnace and sub- 
jected to the fire test. Prior to installation 
in the furnace, the thickness of the speci- 
men was measured precisely at each sur- 
face thermocouple location using a sur- 
veyor’s level. 


FIRE TESTS 


Loading 


Each specimen was mounted in the PCA 
floor furnace(8) so that it was supported 
on 8x12-in. bearing pads in the corners, 
as shown in Fig. 1. Fig. 4 shows two of 
the bearing pads mounted on the east 
bulkhead of the furnace. The bearing 
pads were leveled and the four bulkheads 
positioned so that their face plates were 
vertical and the distances between oppos- 


| 
| 


Fig. 2. Forms and main reinforcement. 


TABLE 1. Relative Humidity Prior to Fire Tests 


RH Well No.| © 


Relative Humidity Prior To Fire Test 


Fig. 3. Forms, reinforcement, welded-wire fabric, and inserts prior to concreting. 
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ing plates were 14 ft and 18 ft, respec- 
tively. Then the specimen was positioned. 
Perimetric spaces between plates and 
specimens were filled with mortar. The 
outermost dome areas were filled with 
vermiculite concrete to protect the steel 
face plates from direct flame impinge- 
ment. 

A uniformly distributed live load was 
simulated by applying loads through 16 
equally spaced hydraulic rams bearing on 
tripods as shown in Figs. 1 and 5. The 
superimposed loads were equivalent to 
139 psf for S-53 and 102 psf for S-54; 
i.e., with uniformly distributed loads, the 
bending moment at midspan would be 
the same as that produced by the ram 
loads. The superimposed loads were based 
on the ultimate strength requirements of 
ACI 318-709) with a capacity reduction 
factor, ¢, of 1.00 for S-53 and 0.90 for 
S-54. The following assumptions were 
made: 


(1) Column strips were the two outer- 
most joists on each side in each 
direction. 

(2) In the east-west direction, each of 
the joists in the column strips sup- 
ported 20 percent more load than 
those in the center strip. 

(3) In the other direction, each col- 
umn strip joist supported twice as 
much load as each of the center 
strip joists. 

The load factor used was 1.8 for both 
dead and superimposed loads. Superim- 
posed loads were applied about an hour 
before start of test. 


Instrumentation 


Temperatures within the furnace were 
measured by 15 shielded thermocouples 
located 12 in. beneath the underside of 
the joists in accordance with the require- 
ments of ASTM E 119-69.(8;10) 

Fig. 1 shows locations of thermo- 
couples for measuring temperatures of 
the joist reinforcing steel and the unex- 
posed surface. Thermocouples were made 
of 20-gage chromel-alumel wire. The 12 
thermocouples used to measure the tem- 
perature of the top surface were placed 
under standard felted asbestos pads.(! 9) 

Deflections of each specimen were 
measured at three locations along the lon- 
gitudinal axes, at the geometric center, 
and at the quarter-span points, as shown 
in Fig. 1. During the fire test, a surveyor’s 
level was sighted on graduated steel scales 
attached vertically to the concrete deck 
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Fig. 4. View of west bulkhead with brackets for bearing pads. 


Fig. 5. Top of specimen with loading rams, surface thermocouples, deflection targets 
and safety chains. Photograph was taken after fire test. 
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surface at these points. Deflections were 
also recorded continuously through the 
use of rotary potentiometers. The rotor 
was turned by a thin flexible steel cord 
passing over a pulley. One end of the cord 
was attached to the specimen directly be- 
neath the potentiometer and the other to 
a counterweight.(8) 


Test Procedure 


During the test, the face plates of the 
restraining bulkheads were kept in the 
vertical position and the specimens were 
permitted to expand while the restraining 
forces gradually increased. Preliminary 
calculations indicated that an interior bay 
of a two-way joist floor would expand 
between 0.25 and 0.40 percent if exposed 
to a standard fire. Accordingly, Specimen 
S-53 was allowed to expand 0.60 in. in 
the 18-ft direction and 0.48 in. in the 
other direction, as shown in Fig. 6. Com- 
parable expansions for S-54 were 0.75 in. 
and 0.60 in., respectively, Fig. 7. 

As described in Reference 8, the re- 
straining bulkheads are actuated by 
hydraulic rams. Pressures in the rams are 
controlled and monitored throughout 
each test. However, during the test of 
S-53, the lower set of rams bearing 
against the south bulkhead suffered a 
malfunction. About 5 min after the test 
started, the pressure regulator for that set 
of rams ceased to function, so the pres- 
sure could be neither controlled nor 
measured accurately. Suitable emergency 
measures were taken to permit the test to 
be continued, but as a result, some of the 
restraint data for the transverse direction 
of S-53 had to be estimated. These were 
based on data from the north rams and 
by comparing the data with those from 
the test of S-54. 


Furnace Atmosphere Temperature 


Fig. 8 shows the average temperatures of 
the furnace atmosphere during the tests. 
Also shown are the furnace atmosphere 
corrections for each hour of test. Correc- 
tions are those defined in Sec. 5(c) of 
ASTM E 119-69.(19) 


Observations During Tests 


Top Surface. At about 10 min, hairline 
cracks spaced about 6 in. apart appeared 
in both directions. Moisture oozed from 
the cracks for various lengths of time. 
Some of the asbestos pads over the ther- 
mocouples became wet. Most of the mois- 
ture evaporated before 1 hr 30 min. No 
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Fire Test Time, hr 


Fig. 6. Data from fire test of Specimen S-53. 


changes were noted after that time. Fig. 5 
shows the top surface of one of the speci- 
mens after the test. 

Underside. At about 15 min, hairline 
cracks appeared in the joists near the 
corners of some domes. A few diagonal 
cracks were noted in some of the joists. 
As the test progressed, short longitudinal 
cracks appeared on the sides and bottoms 
of some of the joists. No spalling oc- 
curred during either test. Fig. 9 shows the 
undersides of specimens after the tests. A 
diagonal crack can be discerned in Fig. 
9(c) on one of the transverse joists lo- 
cated near the far end of the furnace. 


DISCUSSION OF RESULTS 


Figs. 6 and 7 show data on unexposed 
surface temperature, reinforcement tem- 
perature, midpoint deflection, expansion, 
and thermal restraint forces. Principal 
results are summarized in Table 2. 


Unexposed Surface Temperature 
Data on the temperatures of the unex- 


Fig. 


posed surfaces are shown in the lowest 
graphs in Figs. 6 and 7. Temperatures of 
the surface over the joists were not used 
in calculating the average slab values. 

Fire endurances determined by the 
criteria for temperature rise of the unex- 
posed surface were adjusted for variations 
in furnace atmosphere temperature and 
for nonstandard relative humidity of the 
concrete. Furnace atmosphere tempera- 
ture corrections, C, shown in Fig. 8, were 
calculated in accordance with Sec. 5(c) of 
ASTM E 119-69. Adjustments for non- 
standard humidity were made by the pro- 
cedure described in Reference 3. 

For both specimens, the ambient tem- 
perature at the start of test was 55 F. 
Thus, the limiting average temperature of 
the unexposed surface was 305 F, and the 
maximum at one point was 380 F. For 
S-53, the limiting average temperature 
was reached at 2 hr 15 min and thermo- 
couple 12 (Fig. 1) reached 380 F at 2 hr 
01 min. Correction, C, at 2 hr was —2 
min. Adjustment for nonstandard humid- 
ity was +5 min. As a result, the fire 
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Data from fire test of Specimen S-54. 
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Fig. 8. Furnace atmosphere temperatures 
and corrections. 
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Fig. 9. Undersides of specimens after tests. 


endurance, determined by thermocouple 
12, was 2 hr 04 min; the slab thickness at 
thermocouple 12 was 4.61 in. The aver- 
age slab thickness over the domes at the 
thermocouple locations was 4.87 in. The 
adjusted fire endurance determined by an 
average temperature rise of 250 F was 2 
hr 18 min. 

During the test of S-54, thermocouple 
2, located where the slab was 3.56 in. 
thick, reached 380 F at 1 hr 26 min. The 
limiting average temperature was reached 
at 1 hr 35 min. Correction, C, at 1% hr 
was —1.5 min and the humidity adjust- 
ment was about +4 min. Thus, the ad- 
justed fire endurance determined by ther- 
mocouple 2 was | hr 28 min. The ad- 
justed fire endurance determined by the 

x average 250 F rise was 1 hr 38 min and 

Heres resthes the average slab thickness at the thermo- 
couple locations was 3.58 in. 

When the specimens were cast, two 

3x3-ft companion slabs were cast with 

each specimen. The slabs cast with S-53 

were nominally 4 and 5 in. thick and with 

S-54, 3 and 4 in. thick. These slabs were 

fire tested when their relative humidities 

were reduced to 75 percent or lower. 

Data on the specimens and tests are given 

in Appendix A. Fig. 10 shows the test 

results of the 3x3-ft specimens compared 

with results of S-53 and S-54. Fig. 10 

shows the thickness-fire endurance rela- 

- tionships for the concrete made with sand 

(c) S-54 North and gravel from Elgin, Ill.(7) The 3x3-ft 
slabs in this study gave about the same 
fire endurance as the slabs made with 
aggregates from Elgin, Ill. The fire endur- 
ances of the full-scale floor specimens 
were significantly longer than those of 
the 3x3-ft slabs. The difference in the fire 
endurances was greater for the specimen 
with the thinner deck slab. Probably the 
heat sink effect of the joists and the mois- 
ture in them retarded the temperature 
rise over the domes. 

From Fig. 10, it appears that with car- 
bonate-aggregate concrete, a deck slab 
thickness of 4% in. would provide a fire 

(d) S-54 South endurance of 2 hr. 


(a) S-53 North 


Deflection 


Live load deflections at midpoint prior to 
testing were 0.35 and 0.24 in. for S-53 
and S-54. The greater deflection for S-53 
was probably a result of the higher load 
and lower concrete modulus of elasticity. 
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TABLE 2. Summary of Fire Test Data 


Data Specimen S-53 Specimen S-54 


Average slab thickness, in. 4.87 S50 

Age at test, days 345 253 

Concrete compressive strength at test, psi 4,030 4,850 

Average relative humidity at slab middepth, percent 54 60 
Equivalent live load, psf 139 102 

Live load deflection at midpoint, in. 0.35 0.24 

Fire exposure duration, hr:min 4:03 4:03 

Adjusted time for avg temp rise of 250 F, hr:min 2:18 1:38 

Adjusted time for max temp rise of 325 F, hr:min 2:044 1:28> 

Data at time indicated 1 hr 2 hr 4hr 4hr 
Longitudinal expansion, in. 0.60 0.60 0.60 0.75 
Lateral expansion, in. 0.48 0.48 0.48 0.60 
Longitudinal thermal thrust, kips 260 420 590 320 
Lateral thermal thrust, kips 225° 410° 560° 340 
Midpoint deflection, in. Let i] 1.00 1.00 0.49 
Avg longitudinal reinforcement temp, deg F4 922 1,186 1,463 1,429 
Avg lateral reinforcement temp, deg Fd 724 1,038 do22 1,321 


2At point where slab thickness was 4.61 in. 
At point where slab thickness was 3.56 in. 
“Estimated. 
Reinforcement in outermost joists neglected. 


---— Carbonate aggregate concrete (Ref. 7) 
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Fig. 11. Average temperatures of joist reinforcement during 
fire tests. 
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During the fire tests, the deflection TABLE 3. Data Used in Estimating Maximum Thermal Thrusts 


increased to about an inch during the first 
hour of test, and then either remained Specimen S-63 Specimen S68 
constant or gradually diminished, as a 
shown in Figs. 6 and 7 Longitudinal Lateral Longitudinal Lateral 
a ana a= 
pootcemene. | emperature 0 : Allowed expansion, in. 0.60 0.48 0.75 0.60 
rein- 
Data on temperatures of the joist I hestetienanan 309 rae n60 an 
forcement near midspan are shown in : 
Figs. 6 and 7. The outermost joists were Heated perimeter, in. 228 290 228 290 
within a few inches of the furnace walls, Cross-sectional area, sq in. 1,162 1,438 913 1,118 
oy ae remained ee ne the oe Concrete modulus of elasticity, psi 3.5x10© 3.5x10® 3.9x108 3.9x 108 
joists. Temperatures of the bars in the aa ~ 
outermost joists were not included in the Estimated max thermal thrust, kips 366 453 338 9 
averages. Fig. 11 shows the temperatures Measured max thermal thrust, kips 590 560 320 340 
of the bars in each joist after various fire 
exposure periods. Each point is the aver- *Method described in Reference 11. 
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Location of Resultant Thermal Thrust from Bottom of Specimen, in. 


age temperature of corresponding bars in 
the joists for tests of both specimens. 
Average temperatures at 1, 2, and 4 hr are aie 
given in Table 1. 


Expansion and Restraint 


Specimens were permitted to expand cer- 
tain amounts and then further expansion 10 100 
was stopped. Most of the allowed expan- asa gy 
sion occurred within the first half hour of 
test, as shown in Figs. 6 and 7. 

Thermal thrusts that developed be- 
cause the specimens were not entirely 
free to expand are shown in Figs. 6 and 7. 
Thrusts were greater for S-54 than for 
S-53 because S-54 was not permitted to 
expand as much as S-53. 

Issen et al. 1) described a method for 
estimating maximum thermal restraint 
forces that occur during fire tests. The 


ie | 
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Fig. 13. Interaction diagram envelopes for Specimen S-54 showing limiting values of 
thermal thrust. 


method is empirical and makes use of fire 
test data on restrained specimens, modu- 
lus of elasticity of concrete, the heated 
perimeter, the heated length, the allowed 
expansion, and the cross-sectional area of 
the specimen. Table 3 summarizes the 
values used in estimating the thrusts. The 
measured values for S-53 were consider- 
ably higher than the estimated values, but 
for S-54 the values are in closer agree- 
ment. Fig. 12 shows a comparison of the 
calculated and measured values. 

Limiting values for thermal thrusts for 
S-54 are shown in Fig. 13. The interac- 
tion diagram envelopes (IDE) were pre- 
pared by the procedure outlined in Refer- 
ence 3. It can be noted that the measured 
thrusts fall within the appropriate IDE 
throughout the test. Because S-53 was 1% 
in. deeper and had greater cross-sectional 
areas, its IDE’s would have greater maxi- 
mum values, but the minimum values at 2 
and 4 hr would be lower because of the 
lower applied load. 


SUMMARY 


Standard fire tests were conducted on 
two 14x18-ft concrete waffle flat-slab 
specimens. The specimens were supported 
at the four corners and were exposed to 
fire from beneath. One specimen had a 
5-in.-thick (nominal) deck slab and the 
other a 3%-in. slab. Both specimens sup- 
ported design loads for 4 hr without any 
serious distress. 

Fire endurances were determined by 
the criteria for temperature rise of the 
unexposed surface. In both tests, the fire 
endurances were longer than results of 
3x3-ft fire tests had indicated, probably 
because of the heat sink effect of the 
joists. 

Ten ‘‘poke-thru” assemblies were 
included in. each specimen. Data on the 
“noke-thru” assemblies are included in a 
report, “Fire Tests of ‘Poke-Thru’ Assem- 
blies,” by M. S. Abrams and A. H. Gusta- 
ferro (in preparation). 
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APPENDIX A. Fire Tests of Companion 
3x3-Ft Specimens 


With each 14x18-ft waffle flat-slab speci- 
men, two 3x3-ft slab specimens were cast. 
Slabs S-53A and S-53B were companions 
to Specimen S-53 and were nominally 4 
and 5 in. thick. Similarly S-54A and 
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Fig. A-1. Temperature rise of unexposed surface during fire tests of 3x3-ft specimens. 
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S-54B were 3 and 4 in. thick, respec- 
tively. 

The slabs were struck off and finished 
with a wood float. They were cured 
under damp burlap for 7 days and then 
stored in air maintained at 30 to 40 per- 
cent relative humidity and 70 to 75 F. 
When the specimen relative humidity at 
middepth reached 75 percent or less, the 
specimens were fire tested. The testing 
procedure was the same as that described 
in Reference 7. 

Fig. A-1 shows the maximum and aver- 
age temperature rise of the unexposed 
surface for each specimen. Data on the 
four specimens are given in Table A-1. 


TABLE A-1. Data on 3x3-Ft Specimens 


S-53A 


Measured thickness, in. 4.02 


Age at test, days 106 149 86 
Middepth RH at test, % 74 75 
Fire endurance,®? hr: min 2:15 0:57 


8Determined by average temperature rise of unexposed surface at 


250 F. 


Padjusted from 1:25 because the middepth RH was 72 rather than 


75 percent. 
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KEYWORDS: concrete slabs, fire resistance, fire tests, reinforced concrete, 
restraints, two way joist floors, thermal expansion, waffle flat slabs. 


ABSTRACT: Report of fire tests (ASTM E 119-69) of two concrete flat-slab 
floor specimens, 14x18 ft. and made of carbonate-aggregate concrete. One 
had a 3%-in. deck slab, the other a 5-in. slab. Specimens were supported at 
the four corners. Data are given on unexposed surface temperature, deflec- 
tion, expansion, thermal thrust, and steel temperatures. Tests were stopped 
after 4 hours with no sign of structural failure. Fire endurances were deter- 
mined by criteria for temperature rise of the top surface. 


REFERENCE: Gustaferro, A. H., and Abrams, M. S., Fire Tests of Concrete 
Two-Way Joist Floors (RD007.01B), Portland Cement Association, 1971. 
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